The effects of the aqueous solution pH, temperature, initial solute concentration and non-equilibrium processes on the transport of acridine in saturated porous media (silica) were investigated in a series of continuous-flow column experiments. The enthalpy of the adsorption reaction was more exothermic when the solution pH was above acridine's pK a (5.6) than when it was below. The extent of adsorption was greater when the solution pH was below the pK a of acridine than when it was above. Non-equilibrium effects on the adsorption reaction were found to be unimportant at groundwater velocities. The results from this study suggest that the mobility of acridine in aquifers, in which adsorption to silica edge sites is significant, would increase as the temperature of the groundwater increased and the acridine mobility would be greatest when the pH of the groundwater is above the pK a of acridine. The transport of acridine in such aquifers can be effectively modeled using the local equilibrium assumption.
INTRODUCTION
Acridine (Table 1) is of concern because of its toxic and teratogenic properties. 4"5 '6 Acridine has been found in tobacco smoke, 7 air pollution emissions, $ recent lake sediments, 9 wood preservative wastewater, 10 wastewater treatment plant biosludge 11 and contaminated groundwater. 12'13'14 The numerous sources and teratogenic and toxic properties of acridine makes the prediction of its fate in groundwater a compelling area for research. Table 1 . Selected properties of acridine. rho Prior research on acridine sorption in aqueous environments has used batch experiments, in which the fluid is static, to determine the distribution of acridine between the aqueous and solid phase. The extent of acridine adsorption, as the neutral species, increases as the organic carbon content of the sorbent (soils and sediments) increases because of the low solubility of acridine and its greater affinity for non-polar materials. 2 The adsorption of the cation (acridinium) is by cation exchange and the extent is a function of the sorbent (clays and soils) cation exchange capacity and the ability of other cations (Ca 2+, Na +, etc.) to compete with the acridine cation for exchange sites. 15 '16 The extent of adsorption is greater when the solution pH is below the pK a of acridine. The isotherms when the solution pH is above and below the pK a of acridine are non-linear. The affinity of acridine for wastewater treatment plant biosludge was greater when the solution pH was maintained above the pK a of acridine because of the high organic content of this media. 11
A full understanding of acridine transport requires knowledge of the stoichiometry of the adsorbed species. The only direct evidence of the adsorbed species stoichiometry has come from Raman spectroscopy studies. A surface enhanced Raman scattering (SERS) study of acridine adsorption in a silver sol 17 as a function of bulk aqueous solution pH shows that the neutral species is adsorbed above the compound's pK a and a chloride/acridinium ion pair is adsorbed below the compound's pK,,. The neutral acridine molecule interacts with the silver surface through the nitrogen lone pair electrons, and the ion pair adsorbs through the chloride ion.
Liquid chromatography studies of acridine adsorption to alumina in pentane indicate that when the nitrogen atom is not in a crowded environment, the nitrogen atom serves as the binding site to the surface; this effectively localizes the interaction through the nitrogen atom and transfer of the non-bonding electrons to the adsorption site on the alumina surface. 18 The localization of the bond at the nitrogen atom weakens the interaction of the rest of the sorbat¢ with the surface. When there is no strongly adsorbing group, the extent of adsorption is due to the interaction of the individual weakly adsorbing groups with the surface.
The objectives of the research reported in this paper were to evaluate the effects of pH, temperature and initial solute aqueous-phase concentration on acridine adsorption to porous silica and to determine if non-equilibrium effects on acridine transport are significant. We used continuous-flow column rather than batch experiments because non-equilibrium effects and the effects of dispersion/diffusion and advection on acridine transport can be more accurately evaluated using column experiments. Silica was chosen as the sorbent due to its well-defined surface properties and because adsorption to silica edge sites is sometimes important in soils and aquifer materials. The use of silica also provides a model from which more complex sorbents may be studied with the knowledge that any changes in the results would be due to the additional components of the sorbent. With well characterized "model" surfaces that mimic groundwater aquifer materials, one can attribute the effects of environmental variables on the sorption of solutes to specific adsorption sites.
EXPERIMENTAL
Column Experiments. The effects of pH (4, 5.6, 7), temperature (40, 30, 27, 20, 16, 10, 5°C) on acridine transport were investigated with the continuous-flow column experiments.
An acridine-free solution (1 mM Na2HPO 4, 10 mM NaCIO4) was pumped through a column packed with porous silica until a stable conductivity reading was achieved. The acridinecontaining solution (16.7 nM acridine, 1 ram Na2HPO 4 , 20 mM NaCIO4) was then pumped at a constant flow rate through the column until the column-outlet concentration equaled that of the influent solution. The column was then flushed with the acridine-free solution until the outlet reached its initial baseline level. The solutions and column were equilibrated at the experimental temperature at least one day prior to the experiment. Reagents. The acridine (Kodak Reagent Grade), dichloromethane (EM Science HPLC Grade) and pentane (Fisher HPLC Grade) were used as received. The rncthanol (EM Science GR Grade) was distilled before use. Water used in all experiments was deionized and distilled over potassium permanganate and vacuum filmrcd through a 0.45-p.m membrane filter (MiIliporc Corp.). Sodium hydroxide (J.T. Baker 'Baker Analyzed' Reagcnt) and pcrchloric acid (Fisher Certified ACS) were used to control the pH. The conservative tracer used for the column experiments was anhydrous sodium pcrchlorate (Aldrich). Diabasic sodium phosphate (EM Science GR Grade) was used as a buffer. 
Analysis of Short-Pulse Column Experiments. Retention volumes (V R
The conservative tracer and solute data for each breakthrough curve were modeled using the one-dimensional advection-dispersion equation with a Fruendlich isotherm modified from van Genuchten and Wierenga. 22 When local equilibrium is assumed, the equations are:
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PbKdNC N-I R = 1+ (7) 0 where K d (era 3 g-l) is the distribution coefficient for acridine, Pb is the dry bulk density of the sorbent (gem-3); 0 is the total porosity of the sorbent and N is the exponent in the Freundlieh isotherm. For the ease of Idnetically limited sorption and desorption:
Ot and k b is the desorption rate coefficient (s-l). Equation (9) assumes that the adsorption reaction is single step.
Both the conservative tracer and solute data were first fit assuming local equilibrium.
The solute data were also fit to the one-site kinetic model. A non-linear least-squares method was used for parameter estimation. 23
Calculation of Thermodynamic Parameters. The heat of adsorption (AH o) is a measure of the heat released or gained as a rcsuh of the processes involved in thc adsorption rcacdon. The free energy of adsorption (AG °) is given by:
where R 8 is the gas constant (1.987 calK -I tool-l), 7", is the reaction temperature (°K) and K is the dimensionless (M/M) thermodynamic equilibrium constant. The experimentally The heat of adsorption may be determined from equating equation (I0) with:
to give:
where AS o is the entropy of the reaction (cal K -I tool-l).
(12)
RESULTS
Acridine Isotherms. The isotherms (r vs Ca) were non-linear at pH's 7 and 4 ( Figure 2a ).
The non-linearity was more pronounced at pH 4 than at pH 7 and at higher concentrations.
A log-log plot was linear for both pH's ( Figure 2b ). The slope at pH 7 was 0.8661-0.002 (r=0.999) and at pH 4 was 0.839 + 0.003 (r=0.998), indicating the decrease in adsorption with increasing aqueous concentration.
Effects of Tem~rsture and pH. Continuous-feed column experiments were run in order to determine the effect of temperature and pH on acridine transport ( Table 2 ). The average aAcridine concentration = 16.7 x 10 -9 M; NaC104 = 0.01 M and 0.02 M in solutefree and solute solutions, respectively; Na2HPO 4 concentration = 1.0 mM for solutefree and solute solutions. bRatio of the solute mass desorbed to the solute mass sorbed.
CK d using Eq (7). dpore volumes of solute fed into the column. There was a similar increase in k b with increasing temperature at pH 4 and 7.,, excluding the pH 4, 40°C value (Figure 4a ). There was an iay¢~,e c0rrela~ioa ' between In k~ and In K d with increasing temperature (Figure 4b ), the former increasing and the latter decreasing. (dashed line). , The adsorpt~isotherms at pH!s ? and 4 for acridine were non-linctar even at very ;10w : comcentrations. Thei non-linearity ~ a plot of F vs C may be attributed.4o the interaction of :molecules on the: surface and/ol~ta~xerogeneous adsorption sites. The second reason-As favored because of the low coverage of the surface. ,The maximum surf~tce coverage for~e isotherm experiments was 0.055%'0f monolayer coverage, assuming 4~.6 surface OH sites 2 per,nm of silicas:sin, face 27 and a~sfimate of 65 .lk 33 :for acridine's surface area and a, flat s~ace orientatio~t., The more energetic sites may be occupied first and~the adsorption then occurs at less favorable sites. The fact that the enthalpy of adsorption :was less exothe~c as~ coverage increased may also indicate non-uniform adsorption site energies. However, it :,.h0s) been sugg~tca!i~ that acridintt t~dsorbed on silica has significant lateral translational motion because-t~f the Weakhydtogen bonds formedwitli adsorption sites~ 34 This could result in significant interaction of adsorbed molecules. The greater nonrlinead~y at pH 4 suggests easier translational movement of the molecules On the su~ace compared to pH 7 because of the weaker dipole-dipole bonds. The increased non-linearity could also be due to aggregation of complexes at the surface. This would be more likely for the complex because of its greater polarity compared to the free acridine.
Enthalpy and Entropy of Adsorption. The adsorption re'actiOn was enthalpy driven for all conditions studied., ,The entropy :change fez the adsorption reaction is a result of two processes, gain of orde~when the.solute adsorbs and,loss oforder due to the breakdown of the cavity in the bulk from loss of ~solute,. The fact that there was: a net loss of entropy suggests, that the gain of order when the solute adsorbs to the surface is dominant. The enthalpy change for the adsorption reaction is the sum of the negative enthatpy change (exothermic) for the bond formation when the solute adsorbed to the surface and the positive enthalpy change (endothermic) when the bonds were broken in solution between the solute and the solvent. The exothermic values for AH ° indicate that the heat given off during bond formation at the surface was greater than the heat consumed to break the solute-solvent bonds.
The change in, enthalpy and entropy for acridine at 10-5°C is interesting in that there was an increase in the enthalpy and entropy as compared to the higher temperature range.
There was less loss of order~ and a smaller heat released as a result of the adsorption reaction. The smaller ~enthalpy loss is most likely a result of differences in the effect of temperature on the structure of the surface-adsorbed water and bulk water. The bulk water is more structured Compared:to the surface-adsorbed water at the lower temperatures, thus reducing the net loss in entropy when the molecule adsorbs. The heat capacity of surface adsorbed water is found to be greater than the bulk, 35 which results in a less significant change in the structure of the surface-adsorbed water compared to the bulk as temperature is changed. Heat capacity is the thermal energy that must be added to the system per unit temperature rise under specified conditions. Due to nearness to the surface, the hydrogen bonding between water molecules is enhanced causing more structure; hence more energy is required to change structure. Therefore, when the temperature is changed in the bulk, less energy is needed compared to the adsorbed water, so the change at the surface is less compared to the bulk. Hence, the heat needed to break the solute-solvent bonds is greater and the heat released when the solute adsorbs to the surface less and the increase in entropy indicates a smaller difference in the entropy loss during adsorption and entropy gain during cavity loss. The enthalpy is less exothermic since the bonding in the two phases is more similar at lower temperatures and the net heat released is less.
The changes in AH o and AS o as a function of the aqueous solution pH for acridine show more order and more heat released for the adsorption reaction above the pK a than below.
The effect of temperat/are on the pK a for acridine was an increase of ten percent from 45 to 5°C. 36 The more exothermic enthalpy above the Pffa indicates that the net change in enthalpy for adsorption to the surface and removal from the bulk solution is greater than below the pK a . Tile enthalpy is more' exothermie above the pK a because the hydrogen bonds between free acridine and lhe surface ai'e more exothermlc than the dipole-dipole forces holding the cation/CIO 4-ion pair to the surface. There was greater entropy loss above the pK a than below. The greater entropy loss is due to the more localized and stronger hydrogen bonds between the surface and neutral molecule, which prevents the adsorbed molecule from optimizing its orientation with the surface. The complex, because of the weaker dipole-dipole surface interactions, orientates itself with the surface to maximize the entropy. The local equilibrium assumption would be valid for average u e values encountered for groundwater (ca. < 10 -3 cms -1) for all the experimental conditions studied. The smallest experimental PD value (33) would be 5700 at a u e of 10 -3 cms -t The largest u e which would give a PD of 100 for the experimental data is 0.057 cms -1, ca. 57 times larger than average groundwater velocities. Therefore, the adsorption reaction would not be kinetically limited for most groundwater flow conditions.
Non-Equilibrium

CONCLUSIONS
The extent of acridine adsorption is greater when the solution pH is below the pK a of acridine than above. The extent of adsorption is greatest for acridine when the solution pH equals acridine's pK=. The extent of adsorption as a function of aqueous solute concentration (isotherm) is non-linear when the solution pH is above and below the pK a of acridine. The reaction enthalpy is less exothermic and the entropy increases over the temperature range 10-5°C compared to the 45-16°C range. The enthalpy of the adsorption reaction as a function of aqueous solution pH is less exothermic below the compound's pK a than above. The entropy of the adsorption reaction is greater below the pK a than above.
Non-equilibrium effects on adsorption are due to intraaggregate diffusion and kinetics. The kinetic effects are relatively small, adsorption-desorption on the order of seconds to minutes.
For aquifers that have significant adsorption to silica edge sites, the transport of acridine would he enhanced if the pH of the groundwater is above the pK a of acridine and as the temperature of the groundwater increases. The transport of acridine could be effectively modeled assuming local equilibrium for this type of aquifer materials.
